Porphyrins are finding uses in medicine for the treatment of cancer and dermatological diseases and in materials science as components of electronic devices. 1, 2) The two hydrogen atoms in the inner part of the skeleton of a porphyrin free base are known to migrate in a framework of four nitrogen sites. This process of double hydrogen atom transfer in a porphyrin free base is also known as NH tautomerization. 3) An understanding of the mechanism of the inner-hydrogen tautomerization process is mandatory for potential technological application of porphyrins. For this reason, tautomeric exchange of the inner hydrogens of a porphyrin free base has been the subject of numerous theoretical [4] [5] [6] [7] [8] [9] and experimental [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] studies. Most of the theoretical studies have attempted to establish a comprehensive mechanistic and kinetic basis for NH tautomerization by means of various molecular orbital calculations. Experimental studies often use dynamic NMR methods because the frequency of inner-hydrogen migration is fitted to NMR spectroscopy.
It is now generally accepted both theoretically and experimentally that (i) the two trans-isomers are the most stable of the isomers, (ii) any porphyrin free base is subject to tautomerism between trans-isomers I and II, and (iii) in NH tautomerization, the double proton transfer occurs via a two-step mechanism involving a metastable cis-intermediate rather than by a synchronous one-step path (Chart 1).
In order to probe NH tautomerization by dynamic 1 H-NMR spectroscopy, the magnetic environment of the targeted protons must vary during the tautomerization between I and II. Pyrrolic b-hydrogens satisfy this condition in any porphyrin because their magnetic environment definitely changes during the tautomerization. However, the inner hydrogens can act as probes only when the compound has particular asymmetry, such as 5,15-unsymmetrically disubstituted porphyrins.
It should be noted that two paths (the k 1 and k 2 processes) exist for the NH tautomerization between the trans-isomers I and II (Chart 2). Variable temperature NMR signals of the inner protons in 5,15-unsymmetrically disubstituted porphyrins reflect only the k 1 process and thus measure a value of 2k 1 . On the other hand, the bHs probe the sum of the k 1 and k 2 processes and their signals measure a value of 2(k 1 ϩk 2 ). Therefore, observation of the spectral behaviors of both the NHs and the bHs by variable temperature NMR spectroscopy can provide details of both the k 1 and k 2 processes. To our knowledge, however, studies of multiple processes simultaneously in one system have been limited. [17] [18] [19] Ogoshi and coworkers reported anomalously slow NH tautomerization in meso-monosubstituted OEP, which showed doubling of the inner hydrogens in their room temperature NMR spectra. 10) Their work prompted us to investigate the inner-hydrogen migration in 5,15-unsymmetrically disubstituted and bunsubstituted porphyrins especially for verifying the existence of two distinct paths for NH tautomerization. Here we report the syntheses of 5-(2-benzyloxy-1-naphthyl),15-(3,5-dimethoxyphenyl)porphyrin 1 and its related compounds 2, 3, 4 and 1Ј (Fig. 1) terpretations arise from these observations: (a) the two inner protons in the trans-isomers exist in different magnetic environments, and (b) the rates of NH tautomerization are anomalously low (see later). (a) is apparently a result of 5,15-unsymmetrical substitution, and the ring current effect caused by 5-and 15-unsymmetrical substituents is likely to be important. For (b), it should be emphasized that this phenomenon involves only slowing of the k 1 process, as the k 2 process will never result in differences in the magnetic environments of the inner hydrogens (Chart 3).
In contrast to the resonances of the inner protons, those of bH showed ordinary sharp doublets. The two signals arising from the pyrrole rings with and without a proton on the pyrrole nitrogen coalesced completely. 20) As the spectral behaviors of bH should reflect the sum of the k 1 and k 2 processes, these observations reveal that the rate of the k 2 process is much higher than that of the k 1 process in NH tautomerization in 1, 2, 3 and 4.
Variable-Temperature 1 H-NMR Spectroscopy for 1 and 1Ј Spectra in the NH resonant region for compound 1 in the range 293 to 323 K, reflecting only the k 1 process, are shown in Fig. 3a along with the calculated spectra. The rate constants k 1 were determined, as indicated in Fig. 3b , so as to simulate the observed spectra.
21) Plots of ln 2k 1 vs. 1/T according to the Arrhenius equation, ln 2k 1 ϭln AϪE a /RT (E a ; acitvation energy, ln A; frequency factor), gave a straight line with E a (kcal/mol)ϭ9.6 and ln Aϭ20.2. The rates, activation energies E a and frequency factor ln A are summarized for the k 1 process in Table 1 . Retardation of the k 1 process in 1 at room temperature was again confirmed by the data. The spectra for compound 1 in the range 223 to 273 K are shown in Fig. 4 . The frequency difference between the two peaks in the NH resonant region was estimated to be 64 Hz at 223 K. All of the bH signals were only slightly broadened, indicating that they were almost averaged even at 223 K. This observation contrasts with the coalescence temperature of ca. 313 K for NH resonance. These results demonstrate a marked and surprising difference between the rates of the k 1 and k 2 processes in 1.
For comparison, variable-temperature 1 H-NMR spectroscopy of 1Ј was also performed, and the spectral behaviors are shown in Fig. 5 . The frequency difference between the two peaks for NH resonance at 213 K was estimated to be 56 Hz. The rate constants k 1 were determined so as to simulate the observed spectra. Plots of ln 2k 1 vs. 1/T according to the Arrhenius equation, ln 2k 1 ϭln AϪE a /RT, gave a straight line with E a (kcal/mol)ϭ6.6 and ln Aϭ19.2 ( Table 1 ). The two peaks of the inner hydrogens coalesced at about 233 K. This is 80 K lower than the coalescence temperature for 1. Table 1) .
The difference between the rates of the k 1 and k 2 processes, therefore, seems to be small in 1Ј, in contrast to 1. Consequently, the observations suggest that compound 1 differs from compound 1Ј in the mechanisms determining the rates of NH tautomerization.
Preliminary Explanation for Relations between the Rates of NH Tautomerism and Structures of cis Isomers as Intermediates
The results for NH tautomerism, when moving from compound 1Ј which is fully substituted at the meso positions to compound 1 which is substituted at the 5-and 15-positions, show that the rate of the k 1 process decreases and the rate of the k 2 process increases. Therefore, the specific difference between the rates of the k 1 and k 2 processes in 1 must be due to the effects of these structural perturbations imposed by meso-substituents on the activation energies for NH tautomerism.
The crystal structure of free base 5,10,15,20-tetraphenylporphyrin, the prototypical one of meso fully substituted porphyrin, is basically square, with distances between adjacent N atoms of 2.91Ϯ0.01 Å and C a -C meso -C a angles of 125.4Ϯ0.1 degrees. 22) In contrast, free base 5,15-diphenylporphyrin (DiPP), the prototypical one of 5,15-disubstituted porphyrin, is elongated along the 5,15 axis with N-N distances of 3.06 Å (along the 5-15 axis) and 2.76 Å (along the 10-20 axis).
23) The C a -C meso -C a angles are contracted at the 5,15 positions (122.7Ϯ0.1 degrees) and expanded at the 10,20 positions (129.0Ϯ0.2 degrees). This elongation is clearly a result of the phenyl substituents.
It seems natural to consider that 1 is elongated along the 5-15 axis as DiPP whereas 1Ј is approximately square. It is then possible to qualitatively predict the effect of elongating the core in 1 on the energies of the intermediate cis states. Compared to 1Ј, elongation along the 5-15 axis in 1 has to increase the energy of the cis tautomer for process k 1 (due to greater steric crowding of the inner hydrogen atoms). Conversely, the cis tautomer for process k 2 is less sterically crowded because of the larger N-N distance (Chart 4).
Although these interpretations may be simplistic, they seem to account for substantial features of the characteristic rates of inner-proton migration in 1, 1Ј, 2, 3 and 4.
24)

Conclusion
1 H-NMR spectroscopy was performed for compounds 1, 2, 3, 4 and 1Ј, which are 5,15-nonsymmetrically disubstituted and b-unsubstituted porphyrins that are simple in structure and relatively easy to synthesize. Observations of both NH and bH suggested the existence of two distinct paths, one fast and the other slow, for NH tautomerism in 1.
The crystal structures of TPP and DiPP in the literature have suggested the geometry of the cis-porphyrin isomer, and we used this information to interpret the two distinct paths for NH tautomerism in 1 in terms of steric crowding of the inner hydrogen atoms in the cis isomer as a transition intermediate.
Currently, we are studying in more detail the temperature dependency of the NMR spectra of 1, 1Ј, 2, 3, 4, other kinds of 5,15-nonsymmetrically substituted b-unsubstituted porphyrins and meso-partially substituted porphyrins, and also beginning X-ray analysis of 1, 2, 3 and 4.
Experimental
General Methods Chloroform used as the reaction medium was dried over 4A molecular sieves for several days and used after decantation. Dipyrromethane was prepared by a literature procedure. 25) Other chemicals were obtained from Aldrich or Tokyo Kasei and used without further purification. Chromatography was performed on FUJI SILYSIA CHEMICAL Micro Bead 4B silica gel. The deformation of porphine core is exaggerated for clarity. benzylbromide and 13.8 g of anhydrous K 2 CO 3 were added, and the solution was stirred magnetically at 80°for 30 min. The reaction mixture was filtered to remove K 2 CO 3 . Ether was added to the filtrate and the mixture was washed with water. The resulting solution was dried with Na 2 SO 4 and evaporated. The residue was reprecipitated from dichloromethane-methanol, affording 10.49 g (80.1%) of pure aldehyde (light yellow crystals). Anal. Calcd for C 18 (1) is reported here. The preparation of the other porphyrins (2, 3, 4) were carried essentially by the detailed procedures reported for 1.
5-(2-Benzyloxy-1-naphthyl),15-(3,5-dimehoxyphenyl)porphyrin, 1 Condensation of dipyrromethane (0.5 mmol), 25) 2-benzyloxy-1-naphthaldehyde (0.25 mmol) and 3,5-dimethoxybenzaldehyde (0.25 mmol) started upon addition of BF 3 · OEt 2 (0.33 mmol) at room temperature in dry chloroform (100 ml) under Ar atmosphere. After 1 h, the yield of porphyrinogen reached a maximum value, and a stoichiometric amount of DDQ dispersed in benzene was added quickly to convert the porphyrinogen to porphyrin. After evaporation of the solution to dryness, the residue was redissolved in a minimum of CH 2 Cl 2 and chromatographed over a column of silica gel with CH 2 Cl 2 as eluent. The eluate from the second red-fluorescent band was collected and again chromatographed over a column of silica gel with CH 2 Cl 2 -hexane (3 : 1) as eluent. The elute was evaporated and the residue was reprecipitated from dichloromethane-methanol, affording 28.4 mg (33.5% based on the statistical yield) of pure 1 (purple crystal). Anal. Benzyloxy-1-naphthyl),10,15,20-tri(3,5-dimehoxyphenyl) porphyrin, 1 Condensation of pyrrole (1 mmol), 2-benzyloxy-1-naphthaldehyde (0.25 mmol) and 3,5-dimethoxybenzaldehyde (0.75 mmol) started upon addition of BF 3 · OEt 2 (0.33 mmol) at room temperature in dry chloroform (100 ml) under Ar atmosphere. After 1 h, a stoichiometric amount of DDQ dispersed in benzene was added quickly to convert the porphyrinogens to porphyrins. After evaporation of the solution to dryness, the residue was redissolved in a minimum of CH 2 Cl 2 and chromatographed over a column of silica gel with CH 2 Cl 2 as eluent. The eluate from the fifth red-fluorescent band was collected and again chromatographed over a column of silica gel with CH 2 Cl 2 as eluent. The eluate from the first red-fluorescent band was evaporated and the residue was reprecipitated from dichloromethanemethanol, affording 25.4 mg (25.4% based on the statistical yield) of pure 2 (purple crystal). Anal. 
5-(2-
